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1

MANUFACTURING METHOD OF SOI
SUBSTRATE AND MANUFACTURING
METHOD OF SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention
The technical field relates to a silicon-on-insulator (SOI)
structure.

2. Description of the Related Art

As a method for forming a transistor, the following meth-
ods are known: a method 1n which a silicon water 1s used, a
method 1n which a non-single-crystal semiconductor layer
provided over a substrate having an insulating surface 1s used,
a method 1n which a substrate (SOI substrate) having a thin
single crystal semiconductor layer provided over an insulat-
ing surface 1s used, and the like.

In particular, a transistor formed using an SOI substrate can
have higher performance than a transistor formed by other
methods.

Here, a Smart Cut (registered trademark) method 1s known
as a method for manufacturing an SOI substrate.

The Smart Cut method 1s a method for forming an SOI
substrate approximately through the following process.

First, a silicon wafer 1s irradiated with hydrogen 1ons, and
an embrittlement region (also referred to as a microbubble
layer, a separation layer, a peeling layer, or the like) 1s formed
at a predetermined depth from a surface of the silicon water.

Next, an msulating layer to serve as a bonding layer 1s
tormed on the surface of the silicon wafer.

Then, the bonding layer and a base substrate are bonded to
cach other and heat treatment 1s performed thereon, whereby
a crack 1s generated from the microbubble layer. Accordingly,
part of the silicon water 1s separated, and a single crystal
semiconductor layer formed using the part of the silicon
wafer 1s provided over the substrate.

As for a method for manufacturing such an SOI substrate,
refer to Reference 1.
|[Referencel

Reference 1: Japanese Published Patent Application No.
2008-277789

SUMMARY OF THE INVENTION

There 1s a phenomenon called oxygen precipitation in
some cases when a large amount of oxygen 1s included 1n
silicon.

The oxygen precipitation has a merit that contaminant
metal impurities are gettered, and the oxygen precipitation
has a demerit that performance of a transistor 1s deteriorated.

When a transistor 1s formed using a silicon wafer, oxygen
precipitation occurs at a deep portion (a depth of about several
micrometers to several tens ol micrometers) from a surface
while oxygen precipitation does not occur at a shallow por-
tion (several tens of nanometers to several hundreds of
nanometers) from the surface, whereby the demerit of oxygen
precipitation can be avoided so as to make use of the merit
thereol.

However, as for an SOI substrate, a single crystal semicon-
ductor layer has a small thickness (several tens of nanometers
to several hundreds of nanometers); therefore, when oxygen
precipitation occurs, 1t 1s difficult to avoid the demerit that the
performance of a transistor 1s deteriorated.

Accordingly, as for the SOI substrate, 1t 1s preferable that
oxygen concentration in silicon be low 1n order to prevent
oxygen precipitation as much as possible.
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In view of the foregoing problem, a method for manufac-
turing an SOI substrate 1n which oxygen concentration 1n a
single crystal semiconductor layer 1s reduced will be dis-
closed.

In addition, a semiconductor device manufactured using an
SOI substrate and a manufacturing method thereof will be
disclosed.

Note that a semiconductor device manufactured using an
SOI substrate and a manufacturing method of the semicon-
ductor device, which are disclosed below, solve specific prob-
lems 1n some cases.

Therefore, the solution to the specific problems can also
apply to a semiconductor device manufactured using an SOI
substrate other than an SOI substrate 1n which oxygen con-
centration 1s reduced.

An oxygen diffusion coetficient in a melted state 1s higher
than that 1n a solid-phase state. Therefore, 1n an SOI structure
having a base substrate, an msulating layer (bonding layer)
formed over the base substrate, and a single crystal semicon-
ductor layer formed over the insulating layer (bonding layer),
the single crystal semiconductor layer (single crystal semi-
conductor layer including silicon as 1ts main component) 1s 1n
a melted state, so that the outward diffusion of oxygen 1n the
single crystal semiconductor layer can be promoted.

Therefore, when the single crystal semiconductor layer of
the SOI structure 1s 1irradiated with a laser beam to melt the
single crystal semiconductor layer, an oxygen diffusion coed-
ficient becomes high. Accordingly, the outward diffusion of
oxygen can be promoted.

This 1s because the promotion of the outward diffusion of
oxygen causes oxygen concentration in the single crystal
semiconductor layer to decrease.

It 1s preferable to emit a laser beam while the base substrate
1s heated.

That 1s, when a laser beam 1s emitted while the base sub-
strate 1s heated, the single crystal semiconductor layer 1s also
heated.

Then, when a laser beam 1s emitted while the single crystal
semiconductor layer 1s heated, the cooling rate of the single
crystal semiconductor layer which 1s melted 1s decreased;
therefore, the melting time of the single crystal semiconduc-
tor layer can be lengthened.

If the melting time of the single crystal semiconductor
layer 1s lengthened, the time of retaining a melted state with a
high diffusion coetlicient of oxygen 1s lengthened; therefore,
the outward diffusion of oxygen can be further promoted.

Accordingly, a laser beam 1s preferably emitted while the
base substrate 1s heated, because a promoting efiect of the
outward diffusion of oxygen due to wrradiation with a laser
beam can be encouraged.

Note that when the temperature of the base substrate is
higher than or equal to 500° C., oxygen can be reduced as
compared with the case where the base substrate 1s not heated.

As the temperature of the base substrate 1s higher, the
cooling rate of the semiconductor in a melted state can be
slowed down; therefore, the temperature of the base substrate
1s preferably high.

In addition, 1n the case where the msulating layer which 1s
in contact with the single crystal semiconductor layer is
formed using an insulating {ilm including oxygen (thermally
oxidized film, silicon oxide film, silicon nitride oxide film,
silicon oxynitride film, aluminum oxide film, aluminum
nitride oxide film, aluminum oxynitride film, or the like),
when the semiconductor which 1s 1 a melted state 1s 1n
contact with the insulating film including oxygen, there arises
a problem 1n that oxygen in the insulating film including
oxygen diffuses into the semiconductor in a melted state.
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Note that a mtride oxide film means a film of which nitrogen
concentration 1s higher than oxygen concentration, and an
oxynitride film means a {ilm of which nitrogen concentration
1s lower than oxygen concentration.

Accordingly, when the insulating layer which 1s 1n contact
with the single crystal semiconductor layer 1s an nsulating,
layer including oxygen, the irradiation 1s preferably per-
formed with a laser beam having energy density such that the
bottom portion of the single crystal semiconductor layer 1s in
a solid-phase state.

That 1s, 1t 1s preferable to partly melt the single crystal
semiconductor layer by the irradiation with the laser beam.

Partly melting means that the bottom portion of the single
crystal semiconductor layer 1s 1 a solid-phase state and a
region over the bottom portion 1s 1n a melted state.

This 1s because the following reason: when the single crys-
tal semiconductor layer 1s partly melted by the 1rradiation
with a laser beam, a semiconductor 1n a solid-phase state with
a lower diffusion coellicient of oxygen than a semiconductor
in a melted state can be mterposed between the semiconduc-
tor 1n a melted state and the insulating film including oxygen;
as a result, oxygen 1n the insulating film including oxygen can
be prevented from diffusing into the semiconductor 1n a
melted state.

Note that the problem in that oxygen 1n a base diffuses into
the semiconductor in a melted state also occurs 1n the case
where the base substrate 1s a substrate including oxygen, such
as a glass substrate or a quartz substrate, when the single
crystal semiconductor layer 1s directly bonded to the base
substrate.

Of 1nsulating films including oxygen (thermally oxidized
film, silicon oxide film, silicon nitride oxide film, silicon
oxynitride film, aluminum oxide film, aluminum nitride
oxide film, aluminum oxynitride film, and the like), the ther-
mal conductivity of the silicon oxide film, the silicon nitride
oxide film, the silicon oxynitride film, and the like 1s lower
than that of the aluminum oxide film, the aluminum nitride
oxide film, the aluminum oxynitride film, and the like.

On the other hand, the results of calculation based on
computational science performed by the present inventors
indicate that the thermal diffusion of the single crystal semi-
conductor layer preferentially occurs on the base side.

Accordingly, a substance having a low thermal conductiv-
ity 1s arranged on the base side of the single crystal semicon-
ductor layer, whereby thermal diffusion to the base side can
be suppressed. Therefore, the cooling rate of the single crystal
semiconductor layer can be slowed down.

Therefore, 1n terms of extending the time of retaiming a
melted state, as for an sulating film including oxygen, a
thermally oxidized film, a silicon oxide film, a silicon nitride
oxide film, a silicon oxynitride film, or the like 1s preferable
because these films have low thermal conductivity.

Note that the thermal conductivity of a glass substrate, a
quartz substrate, or the like 1s lower than that of a silicon
waler; therefore, a glass substrate, a quartz substrate, or the
like 1s preferably used as the base substrate 1n terms of retain-
ing a melted state for a long time.

When a method such as lamp heating or induction heating
1s used as a heating method for the base substrate, 1t 1s pret-
crable to select a base substrate which can be subjected to
lamp heating, induction heating, or the like. Alternatively,
contact heating may be used.

Further, an irradiation atmosphere of a laser beam 1s pret-
erably set to a reduced-pressure atmosphere (an atmosphere
in which air pressure is less than or equal to 10~ Pa) because
the entry of oxygen from the atmosphere can be prevented.
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In addition, an irradiation atmosphere of a laser beam 1s
preferably set to a reducing atmosphere (an atmosphere
including hydrogen, an atmosphere including carbon monox-
ide, an atmosphere including hydrogen 1odide, or the like)
because a reduction reaction occurs so that the outward dii-
fusion of oxygen can be encouraged.

Further, it 1s preferable to use a reduced-pressure atmo-
sphere and a reducing atmosphere because an effect of reduc-
ing oxygen 1s further increased.

The causes of increasing the amount of oxygen 1n the single
crystal semiconductor layer are thought to be the use of an
iexpensive single crystal semiconductor substrate (a silicon
water or the like) 1in which oxygen concentration 1s not pre-
cisely controlled, or addition of hydrogen, helium, or the like
by an 1on doping method 1n which mass separation 1s not
performed, for example.

Accordingly, a method by which the outward diffusion of
oxygen 1s encouraged 1s particularly effective in the case
where an 1nexpensive single crystal semiconductor substrate
(a silicon water or the like) 1n which oxygen concentration 1s
not precisely controlled 1s used, or 1n the case where hydro-
gen, helium, or the like 1s added by an 10n doping method 1n
which mass separation 1s not performed, for example.

On the other hand, when an 1on doping method 1s compared
with an 1on implantation method, mass separation 1s not per-
formed 1n the 10n doping method; therefore, a mass separator
1s not required for an apparatus used in the 1on doping
method.

When a mass separator 1s used, 1t 1s necessary to bend an
1on beam, and it 1s difficult to increase a cross-sectional area
of the 10n beam. Moreover, when a mass separator 1s used, an
ion current 1s decreased; therefore, only a small region can be
irradiated with 1ons. On the other hand, 1n an 10n doping
method, since 10n irradiation 1s performed but mass separa-
tion 1s not performed, a large 10on current can be used; there-
fore, a large substrate can be 1rradiated with 10ns.

Further, when doping 1s performed using a hydrogen gas as
a source gas by an 1on doping method, an object to be 1rradi-
ated can be irradiated with a large amount of H,™ ions among
H* 10ons, H,™" 10ns, and H,™ 10ns.

Since H,™ splits into H* or H to be introduced into the
object to be rradiated, introduction efficiency of hydrogen,
helium, or the like can be improved as compared with the case
where the object to be irradiated is irradiated with H or H,,™.

When a large amount of hydrogen, helium, or the like 1s
introduced into an embrittlement region, a single crystal
semiconductor substrate 1s surely separated; therefore, 1t 1s
preferable to improve the introduction efficiency of hydro-
gen, helium, or the like.

When an 10n doping method 1s used, a large region can be
irradiated with 10ns; therefore, a plurality of small substrates
can be processed at the same time.

However, since an 1on doping method 1s a method 1n which
hydrogen, helium, or the like 1s added to the object to be
irradiated and mass separation 1s not performed, impurities
other than hydrogen, helium, or the like 1n a doping atmo-
sphere are also added to the object to be 1rradiated.

That 1s, when the object to be 1rradiated 1s doped with
hydrogen by an 10n doping method, the object to be irradiated
1s also doped with oxygen 1n the doping atmosphere; there-
fore, oxygen concentration in the object to be irradiated
1ncreases.

Accordingly, a method by which the outward diffusion of
oxygen 1s encouraged i1s particularly effective in the case
where an 1nexpensive single crystal semiconductor substrate
(a silicon water or the like) 1n which oxygen concentration 1s
not precisely controlled 1s used, or 1n the case where hydro-
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gen, helium, or the like 1s added by an 1on doping method 1n
which mass separation 1s not performed, for example.

Needless to say, 1n terms of preventing oxygen precipita-
tion, a method by which the outward diffusion of oxygen 1s
encouraged 1s preferably applied also to the case where an
expensive single crystal semiconductor substrate (a silicon
waler or the like) in which oxygen concentration 1s precisely
controlled 1s used, or 1n the case where hydrogen, helium, or
the like 1s added by an 10n implantation method 1n which mass
separation 1s performed, for example.

That 1s, 1t 1s preferable to form an SOI structure having a
base substrate, a bonding layer including oxygen provided
over the base substrate, and a single crystal semiconductor
layer provided over the bonding layer including oxygen, 1n
which the single crystal semiconductor layer 1s irradiated
with a laser beam to be partly melted while the base substrate
1s heated at a temperature higher than or equal to 500° C. and
lower than a melting point of the base substrate so that an SOI
substrate 1s formed.

An 1rradiation atmosphere of the laser beam 1s preferably a
reduced-pressure atmosphere.

An 1rradiation atmosphere of the laser beam preferably
includes a reducing gas.

An 1rradiation atmosphere of the laser beam preferably
includes a hydrogen fluoride gas.

When the irradiation atmosphere of the laser beam
includes a hydrogen fluoride gas, the SOI structure 1s prefer-
ably exposed to an atmosphere including a hydrogen fluoride
gas after the formation of the SOI structure and before the
irradiation with the laser beam.

At the time of the 1rradiation with the laser beam, the base
substrate 1s preferably heated by light irradiation or induction
heating.

It 1s particularly effective 1n the case where an embrittle-
ment region 1s formed 1n a single crystal semiconductor sub-
strate by an 10n doping method 1n which mass separation 1s
not performed and then the embrittlement region 1s subjected
to heat treatment, so that part of the single crystal semicon-
ductor substrate 1s separated to form the single crystal semi-
conductor layer.

In addition, 1t 1s particularly effective in the case where the
single crystal semiconductor layer 1s formed from bulk sili-
con which 1s formed by a Czochralski method (Cz method).

It 1s preferable to form a semiconductor element (a transis-
tor or the like) using an SOI substrate with reduced oxygen
concentration because a semiconductor device with high per-
formance can be manufactured with high yield.

A single crystal semiconductor layer of an SOI substrate 1s
irradiated with a laser beam, whereby a semiconductor 1n a
melted state having a high diffusion coetficient of oxygen can
be formed. Therefore, the outward diffusion of oxygen 1n the
semiconductor occurs, and oxygen 1n the single crystal semi-
conductor layer can be reduced.

Further, it 1s preferable to emit a laser beam while the base
substrate of the SOI substrate 1s heated because a promoting
elfect of the outward diffusion of oxygen due to irradiation
with a laser beam can be encouraged.

In the case where an insulating {film which 1s in contact with
a single crystal semiconductor layer 1s an insulating film
including oxygen, 1t 1s preferable to perform 1rradiation using
a laser beam with energy density such that the bottom portion
of the single crystal semiconductor layer 1s 1n a solid-phase
state because oxygen in the mnsulating film 1including oxygen
can be prevented from diffusing into the semiconductor 1n a
melted state.
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An 1wrradiation atmosphere of a laser beam 1s a reduced-
pressure atmosphere or a reducing atmosphere, whereby an
elfect of reducing oxygen can be encouraged.

Accordingly, a method by which the outward diffusion of
oxygen 1s encouraged 1s particularly effective in the case
where an 1nexpensive single crystal semiconductor substrate
(a silicon water or the like) 1n which oxygen concentration 1s
not precisely controlled 1s used, or 1n the case where hydro-
gen, helium, or the like 1s added by an 10n doping method 1n
which mass separation 1s not performed, for example.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1C 1illustrate an example of a method for
manufacturing an SOI substrate.

FIGS. 2A and 2B 1illustrate an example of a method for
manufacturing an SOI substrate.

FIGS. 3A to 3C illustrate an example of a method for
manufacturing an SOI substrate.

FIGS. 4A and 4B illustrate an example of a method for
manufacturing an SOI substrate.

FIGS. 5A and 5B 1illustrate an example of a method for
manufacturing an SOI substrate.

FIGS. 6A to 6C 1illustrate an example of a method for
manufacturing a semiconductor device.

FIGS. 7A and 7B 1illustrate an example of a method for
manufacturing a semiconductor device.

FIGS. 8A to 8C illustrate an example of a method for
manufacturing a semiconductor device.

FIGS. 9A to 9C illustrate an example of a method for
manufacturing a semiconductor device.

FIGS. 10A to 10C illustrate an example of a method for
manufacturing a semiconductor device.

FIGS. 11A to 11C 1illustrate an example of a method for
manufacturing a semiconductor device.

FIGS. 12A to 12C illustrate an example of a method for
manufacturing a semiconductor device.

FIGS. 13A to 13C illustrate an example of a method for
manufacturing a semiconductor device.

FIGS. 14A and 14B illustrate an example of a method for
manufacturing a semiconductor device.

FIG. 15 illustrates an example of a top view of a semicon-
ductor device.

FIG. 16 illustrates an example of results of SIMS analysis.

FIG. 17 illustrates an example of results of SIMS analysis.

FIG. 18 illustrates an example of results of SIMS analysis.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments will be described below.

It 1s easily understood by those skilled 1n the art that modes
and details thereot can be modified 1n various ways without
departing from the spirit and scope of the present invention.

Therefore, the present invention should not be interpreted
as being limited to what 1s described in the embodiments
described below.

Note that in the structures described below, like portions or
portions having a similar function are denoted by like refer-
ence numerals, and the description thereof 1s omitted.

The following embodiments can be combined with each
other, as appropriate.

Note that a semiconductor device manufactured using an
SOI substrate and a manufacturing method of the semicon-
ductor device, which are disclosed below, solve specific prob-
lems 1n some cases.
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Accordingly, a technique to solve the above specific prob-
lems can be combined with any of techniques disclosed in the
following embodiments 11 an effect by this technique 1s not
lost.

(Embodiment 1)

In this embodiment, an example of a method for forming an

SOI substrate will be described.

First, a single crystal semiconductor substrate 11 1s pre-
pared (FIG. 1A).

The single crystal semiconductor substrate 11 can be
formed using a substrate including silicon as 1ts main com-
ponent.

As the substrate including silicon as 1ts main component, a
s1licon wafer, a silicon water to which germanium 1s added, or
the like can be used.

Note that as the substrate including silicon as its main
component, any substrate can be used as long as 1t includes
s1licon as 1ts main component even when an impurity other
than germanium 1s added.

An impurity element for controlling a resistance value of a
donor element, an acceptor element, or the like may be added
to the substrate including silicon as its main component.

Next, a bonding layer 12 1s formed over the single crystal
semiconductor substrate 11 (FI1G. 1B).

Note that as the bonding layer 12, any layer can be used as
long as i1t has a smooth surface which 1s exposed and an
insulating surface which 1s in contact with the single crystal
semiconductor substrate 11.

Therelfore, the bonding layer 12 may have a single layer
structure or a stacked structure.

Asthe bonding layer 12, a thermally oxidized film which 1s
formed 1n such a manner that a surface of the single crystal
semiconductor substrate 11 or a surface of a base substrate 1s
thermally oxidized; a silicon oxide film, a silicon nitride film,
a silicon oxynitride film, a silicon nitride oxide film, or the
like which 1s formed by a CVD method, a sputtering method,
or the like can be used.

In particular, 1n the case where a thermally oxidized film 1s
formed 1n such a manner that the surface of the single crystal
semiconductor substrate 11 or the surface of the base sub-
strate 1s thermally oxidized, when thermal oxidation 1s per-
formed 1n an atmosphere including halide (hydrogen chloride
or the like), a halogen can be added to the thermally oxidized
f1lm.

Note that the halogen has an effect of gettering a metal
impurity or the like.

Note that when a thermally oxidized film 1s used as the
bonding layer, the thermally oxidized film 1s formed on the
surface, rear surface, and side surfaces of the single crystal
semiconductor substrate 11.

On the other hand, when a film formed by a CVD method,
a sputtering method, or the like 1s used as the bonding layer,
the bonding layer may be formed at least on the surface.

A thermally oxidized film including a halogen 1s preferable
because gettering of movable 1ons of sodium or the like can be
performed.

When the bonding layer 12 has a stacked structure, in
addition to the above matenials, a metal film may be used.

The reason why the surface which 1s exposed has smooth-
ness 1s because bonding with the surface of the base substrate
which 1s 1n contact with the bonding layer 1s strengthened.

Note that 1t 1s preferable that an average surface roughness
(Ra) be less than or equal to 0.50 nm when measurement 1s
performed by an atomic force microscope (AFM) (more pret-
erably, the average surface roughness 1s less than or equal to
0.35 nm (still more pretferably, the average surface roughness
1s less than or equal to 0.20 nm)).
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Note that smoothness of a base has an influence on the
average surface roughness. Therefore, when the bonding
layer 12 has a stacked structure, it 1s preferable to form a
stacked structure so that the average surface roughness (Ra)
on the surface of the bonding layer 12 which 1s exposed 1s less
than or equal to 0.50 nm (more preferably, the average surface
roughness 1s less than or equal to 0.35 nm (still more prefer-
ably, the average surface roughness 1s less than or equal to

0.20 nm)).

Note that a silicon oxide film formed using an organosilane
material such as tetracthoxysilane (TEOS) 1s formed after an
intermediate reaction product moves quickly on the surface of
a base 1n a film formation; therefore, the bonding layer having
a stacked structure can have a smooth surface.

Accordingly, the outermost layer of the bonding layer 12 1s
preferably formed with a silicon oxide film formed using an
organosilane material because smoothness 1s improved.

The reason why the surface which 1s 1n contact with the
single crystal semiconductor substrate 11 has an insulating
property 1s because, when the surface which 1s 1n contact with
the single crystal semiconductor substrate 11 has conductiv-
ity, a semiconductor surface and the conductive surface are 1n
contact with each other, so that leakage of a transistor occurs.

Note that 1f the surface of the base substrate has smooth-
ness and an isulating property, a bonding layer 1s not neces-
sarily formed.

Next, a predetermined element 1s added to the single crys-
tal semiconductor substrate 11 to form an embnttlement
region 11c¢ (also referred to as a microbubble layer, a separa-
tion layer, a peeling layer, and the like) between a first region
11a and a second region 1156 (FI1G. 1C).

Note that the embrittlement region may be formed before
the bonding layer 1s formed.

Note that when the semiconductor layer 1s exposed 1n
formation of the embrittlement region, the semiconductor
layer becomes rough in 10n implantation or doping.

Accordingly, when the embrittlement region 1s formed, 1t 1s
preferable to form a protective film such as a silicon oxide
film, a silicon nitride film, a silicon oxynitride film, or a
s1licon nitride oxide film.

Therefore, when the embnittlement region 1s formed after
the bonding layer 1s formed, the bonding layer serves as a
protective film.

On the other hand, when the embrittlement region 1s
formed before the bonding layer 1s formed, 1t 1s preferable to
form the embrttlement region after the protective film 1s
formed.

Note that when the bonding layer 1s heated at higher than or
equal to 400° C., a crack might occur 1n the single crystal
semiconductor substrate 1n formation of the bonding layer;
therefore, the embrittlement region 1s preferably formed after
the bonding layer 1s formed.

In particular, thermal oxidation 1s usually performed at a
temperature higher than or equal to 800° C.; therefore, when
the embrnittlement region 1s formed betore the bonding layer 1s
formed, 1t 1s inevitable that a crack occurs 1n the single crystal
semiconductor substrate 1n formation of the bonding layer.

Thus, 1n particular, when the thermally oxidized film 1s
used as the bonding layer, the embrittlement region 1s prefer-
ably formed after the bonding layer 1s formed.

As the predetermined element, hydrogen, helium, or the
like can be used.

As a method for adding hydrogen, helium, or the like, an
ion 1mplantation method 1n which mass separation 1s per-
formed, an 1on doping method 1n which mass separation 1s not
performed, or the like can be used.
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Note that since an 10on doping method 1s a method in which
hydrogen, helium, or the like 1s added to the object to be
irradiated and mass separation 1s not performed, impurities
other than hydrogen, helium, or the like 1n a doping atmo-
sphere are also added to the object to be 1rradiated.

That 1s, when hydrogen or the like 1s added to the object to
be irradiated by an 10n doping method, oxygen 1n the doping
atmosphere 1s also added to the object to be 1rradiated; there-
fore, oxygen concentration in the object to be irradiated

1ncreases.

Accordingly, a method by which the outward diffusion of
oxygen 1s encouraged 1s particularly effective in the sense that
oxygen mixed by an 1on doping method 1s removed.

Note that the single crystal semiconductor substrate itself
includes oxygen to some extent. Therefore, even when an1on
implantation method 1n which mass separation 1s performed
1s used, it 1s naturally meaningful to use a method which
encourages the outward diffusion of oxygen (specifically,
when a Czochralski method (Cz method) 1s used to form an
ingot of single crystal silicon, 1t 1s inevitable that oxygen 1s
mixed from a quartz crucible to the ingot).

Next, the surface of the bonding layer 12 1s bonded to a
base substrate 13 and heating 1s performed (FIGS. 2A and
2B).

Note that before bonding, to strengthen bonding between
two bonding surfaces, at least one of the two bonding surfaces
1s preferably subjected to surface treatment for being hydro-
philic or activation.

As the surface treatment for being hydrophilic, surface
treatment using ozone water, ammonium hydroxide/hydro-
gen peroxide mixture (a mixed solution of ammonia water
and a hydrogen peroxide solution), or the like can be used.

As for the surface treatment for activation, surface treat-
ment such as oxygen plasma treatment, nitrogen plasma treat-
ment, or a noble gas plasma treatment (specifically, argon
plasma treatment) can be used.

When the surface of the bonding layer 12 1s bonded to the
base substrate, the surface of the bonding layer and the sur-
face of the base substrate have smoothness, whereby bonding
1s generated (FIG. 2A).

When heating 1s performed after bonding, the volume of
microvoids formed 1n the embrittlement region 1s changed,
thereby generating a crack 1n the embrnittlement region, so that
the first region 11a and the second region 115 can be sepa-
rated from each other (FIG. 2B).

As the base substrate, a silicon water, a glass substrate, a
quartz substrate, or a metal substrate (a stainless steel sub-
strate or the like) can be used.

A heating temperature for generating a crack along the
embrittlement region may be higher than or equal to 400° C.

Note that before heating for generating a crack along the
embrittlement region, heating (higher than or equal to 200° C.
and lower than 400° C.) may be performed or pressure may be
applied to strengthen bonding. Heating may be performed
and pressure may be applied.

The embrittlement region 11¢c which remains on the second
region 115 side has a lot of defects because hydrogen, helium,
or the like 1s added at high concentration.

Therefore, after bonding, the surface of the second region
1156 (the single crystal semiconductor layer) 1s preferably
ctched to remove the embnttlement region 11¢ (FIG. 3A).

As a method for etching, a method 1n which etching 1s
performed without a resist mask being provided (etch back),
a method 1 which a surface 1s polished by a chemical
mechanical polishing (CMP) method or the like, or the like 1s
preferably used.
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Note that for reducing the number of steps, a step of remov-
ing the embrittlement region 11¢ may be omitted.

Note that since a crack 1s generated in the embrittlement
region 11c¢ to perform separation, the surface of the embrittle-
ment region 11¢ has unevenness (FIG. 3A).

Then, when etch back 1s performed, a shape reflecting the
unevenness on the surface of the embrittlement region 11c¢
remains (FIG. 3B).

Therefore, irradiation 1s performed while a laser beam 1s
scanned to melt the single crystal semiconductor layer,
whereby smoothness of the surface can be improved.

Note that when an average value of the thickness of the
second region 115 (the single crystal semiconductor layer)
after the etch back 1s less than 100 nm, the probability that a
hole 1s generated 1n a portion of a valley on the surface
increases aiter irradiation with a laser beam (see a dashed line
81, a dashed line 82, and a dashed line 83 1n FIG. 3C).

The value of 100 nm 1s calculated i such a manner that
samples 1n which an average value of the thickness of the
second region 115 (the single crystal semiconductor layer)
alter the etch back 1s changed by 10 nm are prepared and these
samples are wrradiated with a laser beam to be observed by a
microscope.

As a result of the microscope, 1n the sample 1n which the
average value of the thickness of the second region 115 (the
single crystal semiconductor layer) atter the etch back 1s less
than 100 nm, the number of holes sharply increases.

Note that the average value of the thickness 1s calculated 1n
such a manner that a plurality of portions over the single
crystal semiconductor layer 1s measured using an optical film
thickness measurement system (product name: NanoSpec)
and an average value of the measurement results of the plu-
rality of portions 1s used.

Accordingly, it 1s preferable to perform addition of hydro-
gen, heltum, or the like and etch back so that the average value
of the thickness of the second region 115 (the single crystal
semiconductor layer) after the etch back 1s greater than or
equal to 100 nm.

Note that an acceleration voltage when hydrogen, helium,
or the like 1s added 1s adjusted, whereby the position of the
embrittlement region 11c can be adjusted. Therefore, the
acceleration voltage when hydrogen, helium, or the like 1s
added may be adjusted, so that the thickness before the etch
back may be set.

Then, the thickness after the etch back can be adjusted 1f the
second region 115 (the single crystal semiconductor layer) 1s
ctched to a desired thickness 1n consideration of an etching
rate.

Next, a region 1rradiated with the laser beam 14 1s scanned
while being melted, and the outward diffusion of oxygen 1s
performed (FIG. 4A).

The region 1irradiated with the laser beam may be a region
in which at least a semiconductor element (a transistor or the
like) 1s formed. The entire surface of the single crystal semi-
conductor layer may be 1rradiated with a laser beam.

As the types of the laser beam 14, any laser beam can be
used as long as 1t has a wavelength which 1s absorbed by the
single crystal semiconductor layer (for example, an excimer
laser beam, a YAG laser beam, aY VO, laser beam, or the like)

The region irradiated with the laser beam 14 may have any
shape (for example, a spot shape, a linear shape, a plane
shape, or the like).

Note that the laser beam 1s not necessarily scanned as long
as the region irradiated with the laser beam has a plane shape
and a desired region can be melted at one time.

When irradiation 1s performed while a pulse laser beam 1s
scanned, it 1s preferable to scan wrradiation regions which
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partly overlap with each other 1n order to sufficiently heat the
semiconductor layer (specifically, a pulse laser beam 1s pret-
erably scanned so that one position 1s irradiated with the pulse
laser beam 5 times to 50 times on average).

A step of performing the outward diffusion of oxygen may
be performed at the same time as or separately from the step
of improving the smoothness of the surface (a laser beam
which 1s the same type as the laser beam 14 can be used in the
case where the smoothness of the surface 1s improved by

another step).

InFI1G. 4 A, the step of performing the outward diffusion of
oxygen and the step of improving the smoothness of the
surface are performed at the same time.

The portion irradiated with the laser beam 14 becomes a
semiconductor 114 1n a melted state.

The semiconductor 114 1n a melted state has a higher
diffusion coetlicient of oxygen than a semiconductor 1n a
solid-phase state, and temperature increases by the irradiation
with the laser beam 14; therefore, the outward diffusion of
oxygen 1s promoted (see a dashed line 80 1n FIG. 4A).

Here, in the case where the bonding layer 12 1s an msulat-
ing film including oxygen, when the semiconductor 1n a
melted state 1s 1n contact with the nsulating film 1including
oxygen, there arises a problem 1n that oxygen 1n the insulating
film including oxygen diffuses into the semiconductor 1n a
melted state.

Thus, when the 1nsulating film which 1s 1n contact with the
single crystal semiconductor layer 1s an insulating film
including oxygen, 1t 1s preferable to perform 1rradiation with
a laser beam having energy density so that the bottom portion
of the single crystal semiconductor layer 1s 1n a solid-phase
state (see a dashed line 90 1n FIG. 4A).

That 1s, 1t 15 preferable to partly melt the single crystal
semiconductor layer by the irradiation with the laser beam.

Partly melting means that the bottom portion of the single
crystal semiconductor layer 1s 1 a solid-phase state and a
region over the bottom portion 1s 1n a melted state.

This 1s because the following reason: when the single crys-
tal semiconductor layer 1s partly melted by the 1rradiation
with a laser beam, a semiconductor in a solid-phase state with
a lower diffusion coellicient of oxygen than a semiconductor
in a melted state can be mterposed between the semiconduc-
tor 1n a melted state and the insulating film 1including oxygen;
as a result, oxygen 1n the insulating film including oxygen can
be prevented from diffusing into the semiconductor 1n a
melted state.

Note that the problem 1n that oxygen 1n a base diffuses into
the semiconductor in a melted state also occurs in the case
where the base substrate 1s a substrate including oxygen, such
as a glass substrate or a quartz substrate, when the single
crystal semiconductor layer 1s directly bonded to the base
substrate.

Here, a method for determining energy density so that the
bottom portion of a crystal semiconductor layer 1s 1n a solid-
phase state will be described.

First, a plurality of samples each formed using an SOI
substrate 1rradiated with a laser beam whose energy density 1s
different depending on each sample in advance 1s prepared.

Next, a cross section of a semiconductor layer in each of the
plurality of samples 1s observed by electron micrograph, the
semiconductor layer 1s observed by SIMS (secondary ion
mass spectrometry) analysis, or the like.

For example, when the cross section of the semiconductor
layer 1s observed by electron micrograph, the depth of the
semiconductor layer which 1s melted 1s judged from a crystal
state of the semiconductor layer.
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Since impurities (carbon, nitrogen, oxygen, or the like) are
casily gathered at the boundary between the semiconductor
layer 1n a melted state and the semiconductor layer 1n a
solid-phase state, a peak position of impurity concentration
can be judged as a boundary between the semiconductor layer
in a melted state and the semiconductor layer 1n a solid-phase
state 11 the SIMS analysis 1s performed.

Therefore, when the semiconductor layer 1s melted to a
desired depth, a plurality of samples 1s formed and measured
in advance, whereby appropriate energy density can be deter-
mined

Needless to say, amethod for determining energy density 1s
not limited to the exemplified method.

In FIG. 4A, irradiation with a laser beam 1s performed
without the base substrate 13 being heated; however, as 1llus-
trated 1n FI1G. 4B, 1irradiation with a laser beam 1s preferably
performed while the base substrate 13 1s heated.

That 1s, when a laser beam 1s emitted while the base sub-
strate 1s heated, the single crystal semiconductor layer 1s also
heated.

Then, when the single crystal semiconductor layer 1s 1n a
heated state, the cooling rate of the melted single crystal
semiconductor layer 1s relaxed; therefore, the melting time of
the single crystal semiconductor layer can be lengthened.

If the melting time of the single crystal semiconductor
layer 1s lengthened, the time of retaining a melted state with a
high diftusion coefficient of oxygen 1s lengthened; therefore,
the outward diffusion of oxygen can be further promoted.

Accordingly, 1t 1s preferable to perform 1rradiation with a
laser beam while the base substrate of the SOI substrate 1s
heated because a promoting effect of the outward diffusion of
oxygen due to the irradiation with a laser beam can be encour-
aged.

If the temperature of the base substrate 1s higher than or
equal to 500° C., oxygen can be reduced further as compared
with the case where the base substrate 1s not heated.

As the temperature of the base substrate 1s higher, the
cooling rate of the semiconductor 1n a melted state can be
slowed down; therefore, the temperature of the base substrate
1s preferably high.

In addition, 1f temperature 1s high even when the semicon-
ductor layer 1s 1n a solid-phase state, the outward diffusion of
oxygen occurs slightly; therefore, 1t can be said that the out-
ward diffusion of oxygen i1s encouraged further (see the
dashed line 80 in FIG. 4B).

Note that when the temperature of the base substrate 1s
higher than or equal to a melting point of the base substrate,
the base substrate 1s melted.

In addition, when the temperature of the base substrate 1s
higher than or equal to a strain point of the base substrate, the
base substrate 1s strained.

Therefore, the upper limit of the temperature range of the
base substrate 1s preferably selected from the temperature
lower than the melting point of the base substrate and the
temperature lower than the strain point of the base substrate.

Note that when the single crystal semiconductor layer 1s
formed using silicon, the melting point of silicon 1s about
1414° C.; therefore, even when the upper temperature limait
(melting point, strain point, and the like) of the base substrate
1s higher than or equal to 1414° C., the temperature of the base
substrate needs to be lower than 1414° C. (that 1s, the upper
limit of the temperature range ol the base substrate can be said
to be less than the melting point of the single crystal semi-
conductor layer).

Note that the upper limit of the temperature range of the
base substrate may be selected from lower than or equal to

600° C. (or lower than 600° C.), lower than or equal to 650°
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C. (or lower than 650° C.), lower than or equal to 700° C. (or
lower than 700° C.), lower than or equal to 750° C. (or lower
than 750° C.), lower than or equal to 800° C. (or lower than
800° C.), lower than or equal to 850° C. (or lower than 850°
C.), lower than or equal to 900° C. (or lower than 900° C.),

lower than or equal to 950° C. (or lower than 950° C.), lower
than or equal to 1000° C. (or lower than 1000° C.), lower than
equal to 1100° C. (or lower than 1100° C.), lower than or
equal to 1150° C. (or .

1200° C. (or lower than 1200° C.), lower than or
equal to 1250° C. (or lower than 1250° C.), lower than or
equal to
equal to 1350° C. (or lower than 13350° C.), and lower than or
equal to 1400° C. (or lower than 1400° C.). Note that lower
number).

In addition, the lower limit of the temperature range of the
500° C. (or higher than 500° C.), higher than or equal to 550°
C. (or higher than 550° C.), higher than or equal to 600° C. (or
higher than 6350° C.), ligher than or equal to 700° C. (or
higher than 700° C.), 1 to 750° C. (or

higher than or equal to 800° C.
higher than 800° C.), higher than or equa. (or
higher than 850° C.), hi 1 to 900° C. (or

higher than or equal
higher than 9350° C.), higher than or equal to 1000° C. (or
higher than 10350° C.), higher than or equal to 1100° C. (or
higher than 1100° C.), higher than or equal to 1130° C. (or
higher than 1200° C.), higher than or equal to 1250° C. (or
higher than 1250° C.), higher than or equal to 1300° C. (or
higher than 1350° C.). Note that higher than X° C. means a
temperature higher than X° C. (X 1s a given number).
base substrate 1s larger than the lower limait of the temperature
range of the base substrate.
ods such as contact heating, heating by light irradiation, and
induction heating.
like on which a substrate 1s placed and heats the substrate that
1s 1n contact with the stage or the like.
performed even when any type of a base substrate 1s used.

On the other hand, the heating with light 1rradiation 1s a
wavelength that 1s absorbed by the substrate to generate heat
from the substrate.
used, the type of a base substrate and a wavelength of light are
necessarily selected.

a method 1n which a base substrate includes silicon as its main
component and light (a laser beam, lamp light (such as a
and the like.

As alaser beam (referred to as a second laser beam), a laser
diffusing oxygen can be used. For example, the second laser
beam with energy density with which the base substrate 1s not

or equal to 1050° C. (or lower than 1050° C.), lower than or
lower than 1150° C.), lower than or
equal to
1300° C. (or lower than 1300° C.), lower than or
than X° C. means a temperature lower than X° C. (X 1s a given
base substrate may be selected from higher than or equal to
higher than 600° C.), ’ug ner than or equal to 650° C. (or
higher than or equa
higher than 750° C.), (or
1 to 850° C.
higher than or equa.
higher than 900° C.), to 950° C. (or
higher than 1000° C.), higher than or equal to 1050° C. (or
higher than 1150° C.), higher than or equal to 1200° C. (or
higher than 1300° C.), and higher than or equal to 1350° C. (or
Note that the upper limit of the temperature range of the
As a heating method of the base substrate, there are meth-
The contact heating 1s a method which heats a stage or the
Accordingly, 1f the contact heating 1s used, heating can be
method 1n which a substrate 1s irradiated with light having a
Accordingly, when the heating with light 1rradiation 1s
As an example of the heating by light irradiation, there are
tungsten halogen lamp), or the like) 1s absorbed by silicon,
beam similar to the laser beam 14 (a first laser beam) for
melted 1s emitted from the base substrate side.
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In this case, the first laser beam 1s emitted from the single
crystal semiconductor layer side and the second laser beam 1s
emitted from the base substrate side, while part of the region
irradiated with the first laser beam overlaps with part of a
region irradiated with the second laser beam. Note that if the
wavelength of the first laser beam 1s different from the wave-
length of the second laser beam, treatment can be performed
even when the second laser beam 1s emitted from the single
crystal semiconductor layer side.

In addition, scanning 1s performed so that the scanning
direction of the first laser beam i1s the same as the scanning
direction of the second laser beam.

Further, the second laser beam 1s used for remaining heat;
therefore, the region 1rradiated with the second laser beam 1s
preferably larger than the region 1rradiated with the first laser
beam.

When the region 1rradiated with the second laser beam 1s
larger than the region rradiated with the first laser beam, the
area of the remaining heat can be expanded to a wide range.
Accordingly, a region where a melted state can be retained
can be expanded to a wide range.

The base substrate, which 1s very thick compared with the
single crystal semiconductor layer, 1s 1rradiated with the sec-
ond laser beam.

Accordingly, alaser beam having a longer wavelength than
the first laser beam 1s preferably used for the second laser
beam.

If a wavelength of the laser beam 1s longer, the object to be
irradiated 1s 1rradiated with the laser beam from the surface of
the object to be 1rradiated to a deeper position.

The imnduction heating 1s a method 1n which a conductor 1s
provided in an alternating current magnetic field and an eddy
current 1s generated 1n the conductor to generate heat from the
substrate.

Theretfore, the base substrate 1n which the induction heat-
ing can be performed 1s preferably a conductor 1n which an
eddy current easily flows.

A conductor 1n which an eddy current easily tlows 1s a
conductor which has high resistance to some extent; there-
fore, when the induction heating 1s used, it 1s preferable to use
a silicon waler, an 1ron substrate, a stainless steel substrate, or
the like as the base substrate.

Since the base substrate takes time to reach a desired tem-
perature by the contact heating, processing time can be short-
ened using the heating by light irradiation, the induction
heating, or the like in which the base substrate takes a short
time to reach a desired temperature. Note that a heating
method 1n which a conductor 1s heated by induction heating
and heat conduction from the conductor 1s utilized may be
used.

Note that an irradiation atmosphere of a laser beam 1s
preferably set to an inert gas atmosphere (nitrogen, a noble
gas, or the like) because oxygen from the atmosphere can be
prevented from entering.

Further, an 1rradiation atmosphere of a laser beam 1s prei-
erably set to a reduced-pressure atmosphere (an atmosphere
in which air pressure is less than or equal to 10~ Pa) because
the entry of oxygen from the atmosphere can be prevented.

In addition, an 1rradiation atmosphere of a laser beam 1s
preferably set to a reducing atmosphere (an atmosphere
including hydrogen, an atmosphere including carbon monox-
ide, an atmosphere including hydrogen 1odide, or the like
(only a reducing gas or a mixed gas of a reducing gas and an
iert gas may be used)) because a reduction reaction occurs,
so that the outward diffusion of oxygen can be encouraged.

That 1s, 1t 1s preferable to include a reducing gas 1 an
irradiation atmosphere of a laser beam.
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In particular, an atmosphere including hydrogen 10dide 1s
preferable because 1t has a reduction action, and at the same
time, 10dine which 1s a halogen can remove contamination of
heavy metal or the like.

Further, a reduced-pressure atmosphere and an inert gas
atmosphere are preferably used or a reduced-pressure atmo-
sphere and a reducing atmosphere are preferably used
because an effect of reducing oxygen 1s increased.

Note that a native oxide film of the semiconductor layer 1s
preferably removed using a hydrogen tluoride aqueous solu-
tion before 1rradiation with a laser beam.

The native oxide film 1s unevenly formed; therefore, when
the native oxide film exists, a crystal state of the semiconduc-
tor film after irradiation with a laser beam has unevenness. In
addition, oxygen from the native oxide film can be prevented
from diffusing into the semiconductor layer.

On the other hand, 1n order to reduce the number of steps,
hydrogen fluoride may be included 1n an atmosphere, such as
a reduced-pressure atmosphere, a reducing atmosphere, or an
atmosphere of reduced-pressure atmosphere and a reducing
atmosphere, instead of using a hydrogen fluoride aqueous
solution.

Alternatively, hydrogen fluoride may be added to an air
atmosphere or an 1nert gas atmosphere (rare gas, nitrogen, or
the like).

Needless to say, only an atmosphere including hydrogen
fluoride may be used.

That 1s, 1t 1s preferable that an 1irradiation atmosphere of a
laser beam include a hydrogen tluoride gas.

Hydrogen fluoride 1s preferable because 1t has a function of
removing a silicon oxide film; therefore, 1rradiation with a
laser beam can be performed while a native oxide film on the
surface of the semiconductor layer 1s removed.

In particular, a laser beam 1s preferably emitted 1n succes-
s10on just after the SOI substrate 1s exposed to an atmosphere
including hydrogen fluoride for a while because 1rradiation
with a laser beam can be performed after a native oxide film
1s surely removed (the number of steps can be reduced
because a laser beam 1s emitted 1n succession).

Note that hydrogen 1odide, hydrogen fluoride, and the like
casily erode metal; therefore, when hydrogen 10dide, hydro-
gen fluoride, or the like 1s mntroduced to an atmosphere, it 1s
preferable to coat an imner wall, a stage, or the like 1n a
chamber where wrradiation with a laser beam 1s performed
with sapphire, diamond-like carbon, or the like.

In addition, the temperature of an irradiation atmosphere of
a laser beam 1s preferably increased because the time of
retaiming a melted state 1s lengthened.

In consideration of the fact that there 1s an effect of reduc-
ing oxygen at the heating temperature of the base substrate
higher than or equal to 3500° C., it 1s preferable that the
temperature of the wrradiation atmosphere of the laser beam
be higher than or equal to 500° C.

Note that the upper limit of the temperature range of the
irradiation atmosphere of the laser beam may be selected
from lower than or equal to 600° C. (or lower than 600° C.),
lower than or equal to 650° C. (or lower than 650° C.), lower
than or equal to 700° C. (or lower than 700° C.), lower than or
equal to 7350° C. (or lower than 750° C.), lower than or equal
to 800° C. (or lower than 800° C.), lower than or equal to 850°
C. (or lower than 850° C.), lower than or equal to 900° C. (or
lower than 900° C.), lower than or equal to 930° C. (or lower

than 950° C.), lower than or equal to 1000° C. (or lower than
1000° C.), lower than or equal to 1050° C. (or lower than
10350° C.), lower than or equal to 1100° C. (or lower than
1100° C.), lower than or equal to 1150° C. (or lower than
1130° C.), lower than or equal to 1200° C. (or lower than
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1200° C.), lower than or equal to 1250° C. (or lower than
1250° C.), lower than or equal to 1300° C. (or lower than
1300° C.), lower than or equal to 1350° C. (or lower than
1350° C.), and lower than or equal to 1400° C. (or lower than

1400° C.). Note that lower than X° C. means a temperature
lower than X° C. (X 1s a given number).

In addition, the lower limit of the temperature range of the
irradiation atmosphere of the laser beam may be selected
from higher than or equal to 500° C. (or hlgher than 500° C.),
higher than or equal to 550° C. (or higher than 5350° C.),
higher than or equal to 600° C. (or higher than 600° C.),
higher than or equal to 650° C. (or higher than 650° C.),
higher than or equal to 700° C. (or higher than 700° C.),
higher than or equal to 750° C. (or higher than 750° C.),
higher than or equal to 800° C. (or higher than 800° C.),
higher than or equal to 850° C. (or higher than 850° C.),
higher than or equal to 900° C. (or higher than 900° C.),
higher than or equal to 950° C. (or higher than 930° C.),
higher than or equal to 1000° C. (or hugher than 1000° C.),
higher than or equal to 1050° C. (or higher than 1030° C.),
higher than or equal to 1100° C. (or hugher than 1100° C.),
higher than or equal to 1150° C. (or hugher than 11350° C.),
higher than or equal to 1200° C. (or higher than 1200° C.),
higher than or equal to 1250° C. (or higher than 12350° C.),
higher than or equal to 1300° C. (or higher than 1300° C.), and
higher than or equal to 1350° C. (or higher than 1350° C.).
Note that higher than X° C. means a temperature higher than
X° C. (X 1s a given number).

Note that the upper limit of the temperature range 1n the
irradiation atmosphere of the laser beam 1s larger than the
lower limit of the temperature range of the irradiation atmo-
sphere of the laser beam.

As described above, an SOI substrate 1n which oxygen 1s
reduced can be formed.

Note that 1n order to avoid generation of holes, 1t 1s pret-
erable to perform irradiation with a laser beam 1n a state that
an average value of the thickness of the single crystal semi-
conductor layers 1s greater than or equal to 100 nm.

However, 1n accordance with the scaling law, it 1s known
that as the thickness of the single crystal semiconductor layer
1s smaller, characteristics of a transistor are improved.

Accordingly, when the thickness of the single crystal semi-
conductor layer 1s smaller than 100 nm, 1t 1s preferable that the
single crystal semiconductor layer having a thickness of
greater than or equal to 100 nm be 1rradiated with a laser beam
and etching for thin film be performed for reducing the thick-
ness to less than 100 nm after the irradiation with a laser beam
(FIGS. 5A and 5B).

Note that when the thickness of the single crystal semicon-
ductor layer at the time of 1rradiation with a laser beam 1s
larger than 300 nm, the laser beam 1s not suificiently absorbed
in some cases. Therelfore, 1t 1s preferable that the thickness of
the single crystal semiconductor layer at the time of 1rradia-
tion with a laser beam be less than or equal to 300 nm.

This embodiment can be combined with any of the other
embodiments.

(Embodiment 2)

In this embodiment, an example of a method for manufac-
turing a semiconductor device manufactured using an SOI
substrate will be described.

First, an SOI substrate having a base substrate 100, a bond-
ing layer 200 provided over the base substrate 100, and a
single crystal semiconductor layer 300 provided over the
bonding layer 200 1s prepared (FIG. 6A).

For the base substrate, the bonding layer, and the single
crystal semiconductor layer, materials similar to those
described in Embodiment 1 can be used.
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Next, the single crystal semiconductor layer 300 1s etched
to have an 1sland shape.

Here, an 1sland-shaped semiconductor layer 301, an 1sland-
shaped semiconductor layer 302, and the like are formed
(clement separation step).

Then, a gate insulating film 400 1s formed over the 1sland-
shaped semiconductor layer 301 and the 1sland-shaped semi-
conductor layer 302, and then a gate electrode 501 and a gate
clectrode 502 are formed thereover (FIG. 6B).

The gate insulating film can be formed using a thermally
oxidized film, a silicon oxide film, a silicon nitride film, a
s1licon nitride oxide film, a silicon oxynitride film, a hatnium
compound film, or the like.

The gate 1insulating film may have a single-layer structure
or a stacked structure.

The gate electrodes can be formed using tungsten, molyb-
denum, aluminum, titanium, silicon, or the like.

The gate electrodes may have a single-layer structure or a
stacked structure.

Next, a first impurity element 1s selectively added to the
island-shaped semiconductor layer 301 to form an impurity
region 301a and an impurity region 3015 (FIG. 6C).

In addition, a second impurity element 1s selectively added
to the island-shaped semiconductor layer 302 to form an
impurity region 302q and an impurity region 30256 (FIG. 6C).

The sequence of addition of the first impurity element and
the second impurity element may be altered.

In addition, the first impurity element 1s one of a donor
clement (phosphorus, arsenic, or the like) or an acceptor
clement (boron or the like).

Further, the second impurity element 1s the other of the
donor element (phosphorus, arsenic, or the like) or the accep-
tor element (boron or the like).

Note that an LDD region may be formed using a mask, a
sidewall, or the like 1n the impurity region 3014, the impurity
region 30156, the impurity region 302q, and the impurity
region 3025b.

Next, an interlayer msulating film 600 1s formed over the
gate electrodes, contact holes are formed in the interlayer
insulating film 600, and wirings 701a, 7015, 701¢, 7024,
702b, and 702¢ which are electrically connected to the semi-
conductor layers and the gate electrodes are formed over the
interlayer insulating film 600 through the contact holes
(FIGS. 7A and 7B).

Note that FIGS. 7A and 7B are cross-sectional views 1llus-
trating different portions.

Then, contact portions between the gate electrodes and the
wirings are portions in which the semiconductor layer 1s not
provided under the gate electrodes (FIG. 7B).

The interlayer mnsulating film can be formed using a silicon
oxide film, a silicon nitride film, a silicon oxide film including
nitrogen, a silicon mtride film including oxygen, polyimide,
acrylic, siloxane polymer, or the like.

The interlayer insulating film may have a single-layer
structure or a stacked structure.

The wirings can be formed using metal such as aluminum,
titanium, molybdenum, tungsten, gold, silver, or copper; or a
transparent conductive material such as indium tin oxide
(ITO).

The wirings may have a single-layer structure or a stacked
structure.

This embodiment can be combined with any of the other
embodiments.

(Embodiment 3)

In this embodiment, an example of a method for manufac-
turing a semiconductor device manufactured using an SOI
substrate will be described.
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First, an SOI substrate having a base substrate 1100, a
bonding layer 1200 provided over the base substrate 1100,

and a single crystal semiconductor layer 1300 provided over

the bonding layer 1200 1s prepared (FIG. 8A).

For the base substrate, the bonding layer, and the single
crystal semiconductor layer, materials similar to those
described 1n Embodiment 1 can be used.

Next, 1sland-shaped mask insulating films 1400 are formed
over the single crystal semiconductor layer 1300 (FIG. 8B).

Then, the single crystal semiconductor layer 1300 1s etched
into an 1sland shape using the mask insulating films 1400 as a
mask (an 1sland-shaped semiconductor layer 1301, an 1sland-
shaped semiconductor layer 1302, and the like are formed)
(FIG. 8C, an element separation step).

Next, an insulating film 1s formed over the mask insulating
films 1400, and the msulating film 1s etched back or polished
to form an embedded 1nsulating film 1500 which fills a space
between the 1sland-shaped semiconductor layers (FI1G. 9A).

Here, the mask insulating films 1400 and the embedded
insulating film 1500 can be each formed using a silicon oxide
film, a silicon nitride film, a silicon nitride oxide film, a
s1licon oxynitride film, or the like.

Note that a material of the mask nsulating films 1400 1s
preferably different from a material of the embedded msulat-
ing film 1500 so that the mask insulating films 1400 are used
as etching stoppers when the embedded 1nsulating film 1500
1s formed.

Next, the mask insulating films 1400 are removed (FIG.
9B).

Then, a gate insulating film 1601 1s formed over the 1sland-
shaped semiconductor layer 1301, and a gate insulating {ilm
1602 15 formed over the 1sland-shaped semiconductor layer
1302 (FIG. 9C).

The gate msulating films can be formed using a thermally
oxidized film, a silicon oxide film, a silicon nitride film, a
s1licon nitride oxide film, a silicon oxynitride film, a hatnium
compound film, or the like.

The gate insulating films may each have a single-layer
structure or a stacked structure.

Next, a gate electrode 1701 including silicon as 1ts main
component and a gate electrode 1702 including silicon as 1ts
main component are formed over the gate insulating films
(FIG. 10A).

It 1s preferable that a donor element or an acceptor element
be added to the gate electrodes including silicon as 1ts main
component so as to reduce a resistance value.

Note that when the gate electrodes are formed as 1llustrated
in FIG. 10A, the gate insulating films are also etched at the
same time to form the gate insulating film 1601 and the gate
insulating film 1602.

Further, the gate electrodes are formed at a position which
overlaps with the 1sland-shaped semiconductor layers and a
position which overlaps with the embedded nsulating film.

On the other hand, the embedded nsulating film 1500 1s
formed so as to have approximately the same thickness as the
1sland-shaped semiconductor layer.

Accordingly, by the provision of the embedded insulating
f1lm, steps at edges of the 1sland-shaped semiconductor layers
are reduced. Therelore, the gate electrodes and the 1sland-
shaped semiconductor layers can be prevented from short
circuit due to disconnection generated in the gate msulating
film caused by the steps at the edges of the 1sland-shaped
semiconductor layers.

Note that the edges of the i1sland-shaped semiconductor

layers are portions shown by a dashed line 18001 and a
dashed line 18002 1n FIG. 15.
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FIG. 15 illustrates an 1sland-shaped semiconductor layer
11301, an embedded insulating film 11500 formed around the
1sland-shaped semiconductor layer 11301, a gate electrode
11701 placed at a position where part of the 1sland-shaped
semiconductor layer 11301 overlaps with part of the embed-
ded insulating film 11500, contact regions 12401a and
124015 of the 1sland-shaped semiconductor layer 11301 and
a wiring, and a contact region 12401¢ of the gate electrode
and a wiring.

Next, the gate electrode 1701, the gate electrode 1702, the
island-shaped semiconductor layer 1301, and the 1sland-
shaped semiconductor layer 1302 are oxidized to form an
oxide film 1801 and an oxide film 1802 (FIG. 10B).

Note that instead of the oxide films, nitride films may be
formed, or 1nsulating films which are subjected to oxidation
and nitridation at the same time may be formed.

Next, an acceptor element (boron) 1s selectively added to
the 1sland-shaped semiconductor layer 1301 at a shallow
portion to form a low-concentration impurity region 1311a
and a low-concentration impurity region 131156 (F1G. 10C).

In addition, a donor element (arsenic) is selectively added
to the 1sland-shaped semiconductor layer 1302 at a shallow
portion to form a low-concentration impurity region 13124
and a low-concentration impurity region 131256 (F1G. 10C).

Here, the reason why not phosphorus but arsenic 1s added
1s because arsenic 1s an element having a low diffusion coet-
ficient used to suppress thermal diffusion 1n activation treat-
ment.

If thermal diffusion 1s not concerned, phosphorus may be
used.

Note that the addition of the donor element and the accep-
tor element may occur 1n reverse order.

Next, an msulating {ilm 1901 for forming sidewalls and an
insulating film 1902 for forming sidewalls are formed, and an
insulating film 1903 for forming sidewalls 1s formed over the
insulating film 1901 and the insulating film 1902 (FIG. 11A).
The msulating film 1901 covers the gate electrode 1701, and
the msulating film 1902 covers the gate electrode 1702.

Next, the insulating films for forming sidewalls are etched
back to form sidewalls 19014, 19015, 19024, 190256, 1903,

and 19035 (FIG. 11B).

Note that the insulating film 1901 for forming sidewalls 1s
etched to form the sidewalls 19014 and 19015. The insulating
film 1902 for forming sidewalls 1s etched to form the side-
walls 1902a and 19025. The msulating film 1903 for forming
sidewalls 1s etched to form the sidewalls 1903a and 190354.

The insulating films for forming sidewall can be each
formed using a silicon oxide film, a silicon nitride film, a
s1licon nitride oxide film, a silicon oxynitride film, or the like.

Note that the thickness of the insulating film 1901 for
forming sidewalls 1s set to be larger than the thickness of the
insulating film 1902 for forming sidewalls so that each width
of the sidewalls formed on the side walls of the gate electrode
1701 1s larger than each width of the sidewalls formed on the
side walls of the gate electrode 1702.

Further, a material of the insulating film 1903 for forming,
sidewalls 1s different from a material of the insulating film
1901 for forming sidewalls so that the sidewalls formed on the
side walls of the gate electrode 1701 each have an L-shape
cross section.

When the thickness of the insulating film 1901 for forming
sidewalls 1s larger than the thickness of the mnsulating film
1902 for forming sidewalls and the material of the insulating
f1lm 1903 for forming sidewalls 1s different from the material
of the insulating film 1901 for forming sidewalls, the insulat-
ing film 1903 for forming sidewalls serves as a mask. There-
fore, each sidewall formed on the side walls of the gate
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clectrode 1701 can have an L-shape cross section and the
width of each sidewall can be increased.

That 1s, when the thickness of the insulating film 1901 for
forming sidewalls 1s larger than the thickness of the insulating
f1lm 1902 for forming sidewalls and the material of the 1nsu-
lating film 1903 for forming sidewalls 1s different from the
material of the msulating film 1901 for forming sidewalls,
sidewalls having different widths can be formed in the same
etch back step.

Next, an exposed part of the oxide film 1801 and an
exposed part of the oxide film 1802 are removed (FIG. 11C).

Note that the etch back when the sidewalls are formed 1s
performed under the condition such that tops of the gate
clectrodes are projected when the oxide film 1801 and the

oxide f1lm 1802 which are exposed are removed (see a dashed
line 8001 and a dashed line 8002 1n FIG. 11C).

The tops of the gate electrodes are projected and part of the
side walls of the gate electrodes 1s exposed; therefore, silici-
dation of the gate electrodes can be promoted 1n a silicidation
step later.

Specifically, since the tops of the gate electrodes are pro-
jected, an area which 1s 1n contact with a metal film can be
increased, silicidation can be promoted, and the thickness of
s1licide regions can be 1increased.

Note that since contact portions of the gate electrodes are
formed at a position which 1s away from a position that
overlaps with the island-shaped semiconductor layers as
shown by a dashed line 18003 1n FIG. 15, 1t 1s preferable to
increase the thickness of the silicide regions and decrease the
resistance of the gate electrodes.

Next, an acceptor element (boron) 1s selectively added to
the 1sland-shaped semiconductor layer 1301 to form a high
concentration impurity region 1321a and a high concentra-
tion impurity region 13215 (FIG. 12A).

In addition, a donor element (arsenic) 1s selectively added
to the 1sland-shaped semiconductor layer 1302 to form a hugh
concentration impurity region 1322a and a high concentra-
tion impurity region 13225 (FIG. 12A).

Here, the reason why not phosphorus but arsenic 1s added
1s because arsenic 1s an element having a low diffusion coet-
ficient used to suppress thermal diffusion 1n activation treat-
ment.

Note that the addition of the donor element and the accep-
tor element may occur 1n reverse order.

I1 thermal diffusion 1s not concerned, phosphorus may be
used.

Next, activation treatment 1s performed (FIG. 12B).

The activation treatment causes thermal diffusion, and dit-
fusion of an 1impurity element occurs (see dashed lines 8011qa
and 80115, dashed lines 80124 and 80125, and the like in FIG.
12B).

If arsenic having a low diffusion coelficient 1s added to a
transistor having a small width of the sidewalls, the distance
of diffusion 1s reduced; therefore, LDD regions can be pre-
vented from being removed due to diffusion (see the dashed

lines 8011a and 80115, the dashed lines 80124 and 80125,
and the like 1n FIG. 12B).

Next, a metal film 2000 1s formed and heat treatment 1s
performed to form silicide regions 2001q, 20015, 2001c,
20024, 20025, and 2002¢ (FIG. 12C).

As the metal film, cobalt, nickel, tungsten, or the like can be
used.

Here, the tops of the gate electrodes are projected, whereby
the thickness of the silicide regions can be increased.

When the thickness of the silicide regions 1s increased, the
resistance of the gate electrodes can be decreased.
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Next, the metal film 2000 1s removed, and an interlayer
insulating film 2100 1s formed over the gate electrode 1701
and the gate electrode 1702, and an 1nterlayer insulating film
2200 1s selectively formed over the interlayer insulating film
2100 which 1s over the gate electrode 1702 (FIG. 13A).

Next, the interlayer insulating film 2200 serves as a mask,
and the interlayer insulating film 2100 1s etched back to form
a sidewall 2101a and a sidewall 21015 (FIG. 13B).

Next, an interlayer insulating film 2101 1s selectively
tormed over the gate electrode 1702, and an interlayer 1nsu-
lating film 2300 1s formed over the mterlayer insulating film
2101 and the mterlayer insulating film 2200 (FIG. 13C).

The interlayer mnsulating film can be formed using a silicon
oxide film, a silicon nitride film, a silicon nitride oxide film, a
silicon oxymitride film, polyimide, acrylic, siloxane polymer,
or the like.

Note that the interlayer isulating film 2200 serves as a
mask and the mterlayer insulating film 2100 1s etched back;
therefore, 1t 1s preferable that a material of the interlayer
insulating film 2200 be different from a material of the inter-
layer insulating film 2100.

In addition, when the interlayer insulating film formed over
an n-channel transistor has tensile stress and the interlayer
insulating film formed over a p-channel transistor has com-
pressive stress, characteristics of the n-channel transistor and
the p-channel transistor are improved.

Therelore, 1t 1s preferable that the interlayer insulating film
2100 be a film having tensile stress and the interlayer insu-
lating film 2200 be a film having compressive stress (note that
the value of tensile stress of the interlayer insulating film 2100
1s smaller than that of compressive stress of the interlayer
insulating film 2200).

Next, contact holes are formed in the interlayer insulating
films to form wirings 2401a, 24015, 2401c, 2402a, 24025,
and 2402¢ which are connected to transistors through the
contact holes over the interlayer insulating films (FI1G. 14A).

Note that FIGS. 14A and 14B are cross-sectional views
illustrating different portions.

Then, contact portions between the gate electrodes and the
wirings are portions in which the semiconductor layer 1s not
provided under the gate electrodes (FIG. 14B).

The wirings can be formed using metal such as aluminum,

titanium, molybdenum, tungsten, gold, silver, or copper; or a
transparent conductive material such as mdium tin oxide
(ITO).

The wirings may have a single-layer structure or a stacked
structure.

This embodiment can be combined with any of the other
embodiments.

EXAMPLE 1

The present inventors prepared a plurality of samples each
formed using an SOI structure having a base substrate, an
insulating layer (bonding layer) formed over the base sub-
strate, and a single crystal semiconductor layer formed over
the 1nsulating layer (bonding layer), and they conducted an
experiment 1n measuring concentration of oxygen in each
single crystal semiconductor layer by SIMS (secondary 1on
mass spectrometry) analysis.

(First Description: A Method for Forming Samples)

First, thermal oxidation was performed at 950° C. under an
atmosphere including hydrogen chloride, so that a thermally
oxidized film having a thickness of 100 nm was formed on a
surface of a silicon wafer.
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Next, hydrogen was added to the silicon water provided
with the thermally oxidized film by an 10n doping method in
which mass separation 1s not performed.

Note that 10n doping was performed under the condition
such that a hydrogen gas was used as a doping gas and an
acceleration voltage was set to 50 kKV.

Next, a base substrate formed of a glass substrate (an AN
100 substrate manufactured by Asahi Glass Co., Ltd.) was
prepared.

Then, a surface of the base substrate and a surface of the
thermally oxidized film were washed, and then the surface of
the base substrate and the surface of the thermally oxidized
film were bonded to each other.

Next, heat treatment (for strengthening bonding) was per-
formed at 200° C. for 2 hours, and then heat treatment (for
forming a crack) was performed at 600° C. for 2 hours, so that
an SOI substrate was formed.

Then, a surface of the single crystal semiconductor layer of
the SOI substrate was etched back by a dry etching method.

An average value of the thickness of the single crystal
semiconductor layer of the SOI substrate after the etch back
was 105 nm.

Note that the average value of the thickness of the single
crystal semiconductor layer was calculated 1n such a way that
a plurality of portions was measured using an optical film
thickness measurement system (NanoSpec) and the average
value of the plurality of portions was used.

Then, a plurality of samples which was formed through the
same steps as the above steps was formed.

(Second Description: Types of Samples)

A reference sample 1s a sample on which 1rradiation with a
laser beam was not performed.

A first sample 1s a sample 1n which the single crystal
semiconductor layer was 1rradiated with a laser beam while
the base substrate was not heated.

A second sample 1s a sample 1n which the single crystal
semiconductor layer was 1rradiated with a laser beam while
the temperature of the base substrate was 300° C.

A third sample 1s a sample 1n which the single crystal
semiconductor layer was 1rradiated with a laser beam while
the temperature of the base substrate was S00° C.

Note that an 1irradiation atmosphere of the laser beam was
a nitrogen atmosphere.

In addition, an excimer laser was used as a laser.

Further, partly melting was performed 1n wrradiation with
the laser beam.

In addition, a stage which 1s in contact with the base sub-
strate was heated, so that the base substrate was subjected to
contact heating.

(Third Description: Results of SIMS Measurement)

The SIMS (secondary 1on mass spectrometry) analysis was
performed to measure oxygen concentration in each single
crystal semiconductor layer of the reference sample (without
laser 1rradiation), the first sample (laser irradiation (room
temperature)), the second sample (laser irradiation (300°
C.)), and the third sample (laser 1rradiation (500° C.)).

FIG. 16 1llustrates results of the SIMS measurements on
the reference sample (without laser irradiation), the first
sample (laser irradiation (room temperature)), the second
sample (laser irradiation (300° C.)), and the third sample

(laser 1rradiation (500° C.)).

FIG. 17 illustrates comparison between the reference
sample (without laser 1irradiation) and the first sample (laser
irradiation (room temperature)).
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FIG. 18 1llustrates comparison among the first sample (la-
ser irradiation (room temperature)), the second sample (laser
irradiation (300° C.)), and the third sample (laser 1rradiation
(500° C.)).

In FIGS. 16 to 18, a line 20000 1s a measurement result of
the reference sample (without laser irradiation), a line 20001
1s a measurement result of the first sample (laser rradiation
(room temperature)), a line 20002 1s a measurement result of
the second sample (laser irradiation (300° C.)), and a line
20003 1s a measurement result of the third sample (laser
irradiation (500° C.)).

Note that the lines having the same reference numerals 1n
the graphs of FIGS. 16 to 18 are based on the same data.

In addition, in FIGS. 16 to 18, 1E+n (n 1s a natural number)
means 10 to the n-th power.

(Fourth Description: Consideration)

First, how to read the graphs in FIGS. 16 to 18 15 described.

As for the oxygen concentration detected by the SIMS
analysis, a portion near the surface of the single crystal semi-
conductor layer (a portion with a thickness range of O nm to
20 nm 1n the graphs) and a portion near the interface between
the single crystal semiconductor layer and the bonding layer
(a portion with a thickness range of 80 nm to 105 nm 1n the
graphs) are regions where measurement accuracy 1s usually
low. Theretore, these portions are not used as a reference 1n
the case where the oxygen concentration in the single crystal
semiconductor layer 1s compared.

It 1s thought that the reason why measurement accuracy 1s
low 1s the influence of a knock-on effect, unevenness on the
surface of the single crystal semiconductor layer, contamina-
tion on the surface of the single crystal semiconductor layer,
or the like (the contamination 1s thought to be caused by the
fact that a SIMS apparatus 1s placed outside a clean room that
1s a clean atmosphere and the samples are taken out from the
clean atmosphere for the SIMS analysis).

Therefore, the oxygen concentration of a portion with a
thickness range of 20 nm to 80 nm 1in the graphs may be
compared.

First, 1t 1s found that, when the reference sample without
laser irradiation 1s compared with the first to third samples on
which laser 1rradiation was performed, the oxygen concen-
tration 1s reduced by at least 1rradiation with a laser beam (see
FIG. 16).

It 1s found 1n particular that, even when the reference
sample without laser irradiation 1s compared with the first
sample 1rradiated with the laser beam at room temperature,
the oxygen concentration 1s reduced, so that an effect of
reducing the oxygen concentration can be obtained without
the substrate being heated (see FIGS. 16 and 17).

Next, the first sample (laser irradiation (room tempera-
ture)), the second sample (laser irradiation (300° C.)), and the
third sample (laser 1irradiation (500° C.)) are compared (see
FIGS. 16 and 18).

There 1s little difference in the oxygen concentration
between the first sample (laser irradiation (room tempera-
ture)) and the second sample (laser irradiation (300° C.)).

On the other hand, 1t 1s found that the oxygen concentration
of the third sample (laser irradiation (500° C.)) 1s reduced as
compared with the first sample (laser irradiation (room tem-
perature)) and the third sample (laser irradiation (500° C.)).

Therefore, 1t 1s found that, when laser irradiation 1s per-
formed 1n a state that at least the temperature of the base
substrate 1s 500° C., the oxygen concentration 1s reduced.

From the above results, the present inventors thought that
the reason why the oxygen concentration 1s reduced due to
laser 1irradiation 1s because the single crystal semiconductor
layer 1s 1n a melted state having a high diffusion coetficient of
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oxygen, so that the outward diffusion of oxygen 1s promoted
to reduce the oxygen concentration.

In addition, the present inventors thought that the reduction
ol oxygen 1s not remarkable when the substrate 1s heated at
300° C. but the reduction of oxygen 1s remarkable when the
substrate 1s heated at 500° C., so that as the time of retaining
a melted state having a high diffusion coellicient 1s longer, the
outward diffusion of oxygen 1s promoted.

Accordingly, it 1s apparent that as the heating temperature
of the substrate 1s higher, the time of retaining a melted state
1s lengthened; therefore, 1t 1s apparent that reduction of oxy-
gen 1s promoted when the substrate 1s heated at a temperature
higher than 500° C.

Therefore, 1t can be said that when at least laser irradiation
1s pertormed, the outward diffusion of oxygen occurs,
whereby the oxygen concentration can be reduced.

It can also be said that when laser irradiation 1s performed
while heating 1s performed at a temperature higher than or
equal to 500° C., the outward diffusion of oxygen can be
encouraged.

(Fifth Description: As for an Ion Doping Method)

The silicon water used for forming the samples was a
s1licon wafer in which the oxygen concentration 1s controlled
to be 1.0x10"® atom/cm” to 2.0x10"* atom/cm”.

However, the oxygen concentration in the single crystal
semiconductor layer of the reference sample was a value
higher than 2.0x10"® atom/cm”.

Accordingly, it 1s apparent that the oxygen concentration
was increased in a process of manufacturing the SOI sub-
strate.

One of the reasons why the oxygen concentration was
increased 1s because hydrogen was added by an 1on doping
method 1n which mass separation 1s not performed.

That 1s, 1n the case where mass separation was not per-
formed, all the elements in an atmosphere 1n a treatment
chamber for 10n doping were 1omized to be introduced.

In addition, there 1s a large amount of oxygen 1n the air;
therefore, 1t 1s difficult to control the atmosphere in the cham-
ber so as to perfectly prevent the mixing of the oxygen into the
treatment chamber.

Therefore, in the case where hydrogen was added by an 1on
doping method 1n which mass separation 1s not performed,
the single crystal semiconductor layer was doped with oxy-
gen at the same time.

This application 1s based on Japanese Patent Application
serial No. 2008-318377 filed with Japan Patent Office on Dec.
15, 2008, the entire contents of which are hereby incorporated
by reference.

What 1s claimed 1s:

1. A method for manufacturing an SOI substrate, compris-
ing the steps of:

forming an SOI structure including a base substrate, a

bonding layer including oxygen over the base substrate,
and a single crystal semiconductor layer over the bond-
ing layer including oxygen; and
melting a part of the single crystal semiconductor layer by
irradiation with a laser beam while the base substrate 1s
heated at a temperature of higher than or equal to 500° C.
and lower than a melting point of the base substrate,

wherein an 1rradiation atmosphere of the laser beam
includes a reducing gas.

2. The method for manufacturing an SOI substrate accord-
ing to claim 1, wherein an 1irradiation atmosphere of the laser
beam 1s a reduced-pressure atmosphere.

3. The method for manufacturing an SOI substrate accord-
ing to claim 1, wherein an 1irradiation atmosphere of the laser
beam includes a hydrogen fluoride gas.
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4. The method for manutfacturing an SOI substrate accord-
ing to claim 3, wherein the SOI structure 1s exposed to an
atmosphere including the hydrogen fluoride gas after forma-
tion of the SOI structure and before 1rradiation with the laser
beam.

5. The method for manutfacturing an SOI substrate accord-
ing to claim 1, wherein the base substrate 1s heated by one of
light 1rradiation and induction heating when the laser beam 1s
emitted.

6. The method for manufacturing an SOI substrate accord-
ing to claim 1, wherein the single crystal semiconductor layer
1s formed 1n such a manner that an embrittlement region 1s
formed 1n a single crystal semiconductor substrate by an 10n
doping method 1n which mass separation 1s not performed
and then the embrittlement region 1s subjected to heat treat-
ment to separate a portion of the single crystal semiconductor
substrate.

7. The method for manufacturing a semiconductor device,
wherein a semiconductor element 1s formed using the SOI
substrate according to claim 1.

8. A method for manufacturing an SOI substrate, compris-
ing the steps of:

forming an SOI structure including a base substrate, a

bonding layer including oxygen over the base substrate,
and a single crystal semiconductor layer over the bond-
ing layer including oxygen; and
melting a part of the single crystal semiconductor layer by
irradiation with a laser beam while the base substrate 1s
heated at a temperature of higher than or equal to 500° C.
and lower than a melting point of the base substrate,

wherein an wrradiation atmosphere of the laser beam
includes a reducing gas,

wherein the part of the single crystal semiconductor layer

1s not 1n contact with the bonding layer.

9. The method for manutacturing an SOI substrate accord-
ing to claim 8, wherein an irradiation atmosphere of the laser
beam 1s a reduced-pressure atmosphere.

10. The method for manufacturing an SOI substrate
according to claim 8, wherein an 1rradiation atmosphere of
the laser beam includes a hydrogen fluoride gas.

11. The method for manufacturing an SOI substrate
according to claim 10, wherein the SOI structure 1s exposed to
an atmosphere including the hydrogen fluoride gas aiter for-
mation of the SOI structure and before 1rradiation with the
laser beam.

12. The method for manufacturing an SOI substrate
according to claim 8, wherein the base substrate 1s heated by
one of light irradiation and induction heating when the laser
beam 1s emaitted.

13. The method for manufacturing an SOI substrate
according to claim 8, wherein the single crystal semiconduc-
tor layer 1s formed 1n such a manner that an embrittlement
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region 1s formed 1n a single crystal semiconductor substrate
by an 1on doping method 1n which mass separation 1s not
performed and then the embrittlement region 1s subjected to
heat treatment to separate a portion of the single crystal semi-
conductor substrate.

14. The method for manufacturing a semiconductor device,
wherein a semiconductor element 1s formed using the SOI
substrate according to claim 8.

15. A method for manufacturing an SOI substrate, com-
prising the steps of:

forming an SOI structure including a base substrate, a

bonding layer including oxygen over the base substrate,
and a single crystal semiconductor layer over the bond-
ing layer including oxygen;

etching back the single crystal semiconductor layer; and

melting a part of the single crystal semiconductor layer by

irradiation with a laser beam while the base substrate 1s
heated at a temperature of higher than or equal to 500° C.
and lower than a melting point of the base substrate,
wherein after the etching back step and before the melting
step, an average value of a thickness of the single crystal
semiconductor layer 1s greater than or equal to 100 nm.

16. The method for manufacturing an SOI substrate
according to claim 135, wherein an 1rradiation atmosphere of
the laser beam 1s a reduced-pressure atmosphere.

17. The method for manufacturing an SOI substrate
according to claim 15, wherein an 1rradiation atmosphere of
the laser beam 1ncludes a reducing gas.

18. The method for manufacturing an SOI substrate
according to claim 15, wherein an 1rradiation atmosphere of
the laser beam includes a hydrogen fluoride gas.

19. The method for manufacturing an SOI substrate
according to claim 18, wherein the SOI structure 1s exposed to
an atmosphere including the hydrogen fluoride gas aiter for-
mation of the SOI structure and before 1rradiation with the
laser beam.

20. The method for manufacturing an SOI substrate
according to claim 15, wherein the base substrate 1s heated by
one of light 1irradiation and induction heating when the laser
beam 1s emitted.

21. The method for manufacturing an SOI substrate
according to claim 15, wherein the single crystal semicon-
ductor layer 1s formed 1n such a manner that an embrittlement
region 1s formed 1n a single crystal semiconductor substrate
by an 1on doping method 1n which mass separation 1s not
performed and then the embrittlement region 1s subjected to
heat treatment to separate a portion of the single crystal semi-
conductor substrate.

22. The method for manufacturing a semiconductor device,
wherein a semiconductor element 1s formed using the SOI
substrate according to claim 15.
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